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We investigate heteronuclear collisions in isotope mixtures of laser-cooled metastable (3P2) neon.
Experiments are performed with spin-polarized atoms in a magnetic trap for all two-isotope combi-
nations of the stable neon isotopes 20Ne, 21Ne, and 22Ne. We determine the rate coefficients for het-
eronuclear ionizing collisions to β21,20 = (3.9±2.7)×10−11 cm3/s, β22,20 = (2.6±0.7)×10−11 cm3/s,
and β21,22 = (3.9± 1.9)× 10−11 cm3/s. We also study heteronuclear elastic collision processes and
give upper bounds for heteronuclear thermal relaxation cross sections. This work significantly ex-
tends the limited available experimental data on heteronuclear ionizing collisions for laser-cooled
atoms involving one or more rare gas atoms in a metastable state.
I. INTRODUCTION
Due to their high internal energy which surpasses the
ionization energy of almost all neutral atomic and molec-
ular collision partners, metastable rare-gas atoms (Rg*)
prepared by laser cooling techniques [1] present a unique
class of atoms for the investigation of cold and ultracold
collisions [2]. With lifetimes ranging from 14.73 s (neon)
[3] to 7870 s (helium) [4], the first excited metastable
states present effective ground states for applying stan-
dard laser cooling techniques. The resulting extremely
low kinetic energy of the laser-cooled atoms (≈ 10−10 eV)
stands in strong contrast to the high internal energy
between 8 eV (xenon) and 20 eV (helium). This offers
unique conditions not accessible with samples of laser-
cooled alkali-metal atoms. In particular, the high inter-
nal energy of the metastable state allows for Penning (PI)
and associative (AI) ionizing collisions,
Rg∗ +Rg∗ → Rg∗ +Rg+ + e− (PI), (1)
Rg∗ +Rg∗ → Rg+2 + e− (AI), (2)
to dominate losses in trapped Rg* samples at high densi-
ties. Since direct detection of the collision products (us-
ing electron multipliers) as well as of the remaining Rg*
atoms is possible with high efficiency, detailed studies
of homonuclear ionizing collisions have been carried out
for all rare gas elements (see [1] for an overview). Addi-
tional motivation for these investigations arises from the
fact, that favorable rate coefficients for inelastic but also
for elastic collisions are essential for the achievement of
quantum degeneracy which for Rg* atoms so far has only
been demonstrated for 4He [5–8] and 3He [9].
For unpolarized Rg* samples, two-body loss rate coef-
ficients for PI [10] between β = 6×10−11cm3/s for 132Xe
[11] and β = 1 × 10−9cm3/s for 22Ne [12] have been
measured. Spin polarizing the atoms to a spin-stretched
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state may suppress PI: In a collision of atoms in spin-
stretched states the total spin of the reactants is larger
than the total spin of the products. Thus, if spin is con-
served, PI collisions should be significantly reduced. In
the case of He* in the 3S1 state, a suppression of four
orders of magnitude has been observed [7, 13]. For the
heavier rare gases, however, the metastable state 3P2 is
formed by an exited s electron and a p5 core with or-
bital momentum l = 1. This leads to an anisotropic
quadrupole-quadrupole interaction between the colliding
atoms that limits the amount of suppression [14]. In the
case of neon, suppression rates of 77 for 20Ne and 83 for
22Ne, respectively, have been determined [1, 12], but no
suppression has been found for Kr* [15] and Xe* [16].
In contrast to the case of homonuclear collisions, the
number of experimental studies of cold heteronuclear ion-
izing collisions with at least one Rg* atom is very limited.
To our knowledge, there exists only one investigation
involving heteronuclear pairs of Rg* atoms, performed
with metastable helium [17], and only two experiments
involving one Rg* atom in combination with a ground
state alkali-metal atom: Ar* and Rb [18] and He* and
Rb [19]. It is the purpose of the present work to extend
the available experimental data by the investigation of
heteronuclear collision between all possible combinations
of the stable isotopes of neon. There exist two stable
bosonic isotopes, 20Ne (natural abundance: 90.48%) and
22Ne (9.25%), and one fermionic isotope, 21Ne, with an
abundance of 0.27% [20]. This work complements our
previous measurements on homonuclear collisions for the
bosonic isotopes 20Ne and 22Ne [21].
In this paper we report on trapping of all three stable
isotopes and all two-isotope mixtures of laser-cooled Ne*
in a magnetic trap. We present measurements on the
rates of heteronuclear ionizing collisions and heteronu-
clear thermal relaxation cross sections in isotope mix-
tures of spin-polarized Ne*. Specific emphasis has been
put on the preparation of spin-polarized samples in or-
der to have clear experimental conditions avoiding un-
ambiguity arising from averaging over different internal
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2state combinations during collisions. We also address
the question of whether the rates for heteronuclear colli-
sional interactions are favorable for sympathetic cooling
between different neon isotopes, as is the case for He*
[9]. Sympathetic cooling of 22Ne, which has a positive
scattering length of a = 150 a0, [21] using
20Ne as a
coolant might open a novel route to produce quantum
degenerate bosonic Ne*. Sympathetic cooling of 21Ne,
using one of the bosonic isotopes as a coolant, could
allow for the creation of a cold, dense sample of spin-
polarized fermionic neon which could complement exper-
iments with fermionic 3He for studying, e.g., the effect
of Pauli blocking [22] on Penning ionization for heavier
rare-gas atoms [16].
A. Experimental setup
In our experiment [3, 21], neon atoms are excited to the
metastable 3P2 state in a dc discharge, then optically col-
limated, Zeeman decelerated, and captured in a magneto-
optical trap. For laser cooling, the transition 3P2 ↔ 3D3
at 640.4 nm is used. While the bosonic isotopes have no
nuclear spin, 21Ne has a nuclear spin of I = 3/2 which
causes a hyperfine structure of the atomic states. 21Ne
is trapped in the state with total angular momentum
F = 7/2 and the transition F = 7/2 ↔ F ′ = 9/2 is
used for laser cooling. After magneto-optical trapping,
the atoms are spin polarized to the mJ = +2 substate
(F = 7/2,mF = 7/2 in the case of
21Ne) using circular
polarized light and are transferred to an Ioffe-Pritchard
magnetic trap (see [21] for details). As a last step of
preparation, we apply one-dimensional Doppler cooling
[23] by irradiating the magnetically trapped atoms with
circular polarized, red-detuned laser light along the sym-
metry axis of the trap.
The different laser fields for decelerating, cooling, op-
tical trapping, and detecting the atoms of one isotope
are derived from a single dye laser using acousto-optic
frequency shifters. In order to trap 21Ne, in addition
to the cooling light, we superimpose “repumping” light
(F = 5/2 ↔ F ′ = 7/2) on all laser beams. This light
pumps atoms that have been off-resonantly excited to
the F ′ = 7/2 state and have spontaneously decayed to
the F = 5/2 state back into the cooling cycle. In order to
maximize the number of trapped 21Ne atoms, we pump
atoms that have been initially excited to the F = 3/2
or 1/2 states by the discharge source into the cooling
cycle. For this purpose, we add laser light tuned be-
tween the closely spaced F = 3/2 ↔ F ′ = 5/2 and
F = 1/2 ↔ F ′ = 3/2 transitions in the optical colli-
mation zone directly after the discharge source (see [24]
for details).
The isotope shift of the cooling transition is (1625.9±
0.15) MHz for 20Ne ↔ 22Ne and (1018.8± 0.25) MHz for
20Ne ↔ 21Ne, respectively [24]. In order to trap two iso-
topes simultaneously, we use two dye lasers with the fre-
quency of each laser being stabilized to the cooling transi-
TABLE I. Typical atom numbers of single- and two-isotope
samples in the magnetic trap. After one-dimensional Doppler
cooling, the mean temperatures are typically 300µK for single
isotopes and 500µK for two-isotope mixtures.
Single-isotope samples Two-isotope mixtures
Isotope Atoms Isotopes Atoms
20Ne 200× 106 20Ne + 22Ne (170 + 50)× 106
21Ne 2× 106 20Ne + 21Ne (120 + 1)× 106
22Ne 80× 106 22Ne + 21Ne (50 + 1)× 106
tion of the respective isotope and a non polarizing 50/50
beam splitter to overlap their output light. Typical atom
numbers of two-isotope mixtures of magnetically trapped
atoms, compared to single isotope samples, are presented
in Table I. The atom numbers in two-isotope samples are
slightly lower than in the single isotope cases. The num-
ber of 20Ne and 22Ne atoms is limited due to inelastic col-
lisions between trapped atoms, while the number of 21Ne
atoms is limited by the maximum available loading dura-
tion of 0.7 s in our setup. After one-dimensional Doppler
cooling, the mean temperatures are typically 300µK for
single isotopes and 500µK for two-isotope mixtures.
For the bosonic isotopes, the number of trapped atoms
is determined by absorption imaging. The images are
taken 3 ms after the trap has been switched off. Know-
ing the trapping potential, these images also allow for
a determination of the ensemble temperatures from the
widths of the atom clouds. In the case of isotope mix-
tures, the images are taken using light resonant with the
cooling transition of one of the isotopes. Since the isotope
shift of the cooling transition is at least 600 MHz, the
presence of another isotope does not influence the imag-
ing process. For the given densities, absorption imaging
is limited to atom samples of more than 106 atoms. In
order to determine the number of 21Ne atoms, either flu-
orescence imaging or electronic detection are used. For
fluorescence imaging of the magnetically trapped atoms,
we illuminate the atoms with the magneto optical trap
(MOT) beams for 100 ms and collect the fluorescence
light with the CCD camera. The signal is well pro-
nounced even for small samples but does not reveal in-
formation about the temperature of the cloud. For elec-
tronic detection, we use a double micro channel plate
(MCP) detector which is placed 13.9 cm below and 2.7 cm
sideways with respect to the trap center. From the time-
of-flight signal of Ne* released from the magnetic trap,
the number of atoms as well as the temperature of the
atom sample can be determined. To distinguish between
different isotopes we push away the atoms of the un-
observed isotope using slightly blue-detuned MOT light.
We do not see any influence of this light on the remaining
atoms of the observed isotope.
Since one-dimensional Doppler cooling is more effi-
cient along the beam axis (i.e., the symmetry axis of
the Ioffe-Pritchard trap) [23], we obtain ensembles not in
three-dimensional thermal equilibrium after the prepa-
3ration process. In each dimension, however, energy
equipartition is fulfilled and the ensembles can be de-
scribed by independent temperatures Tax in axial and
Tr in radial directions. A mean temperature defined as
T = (Tax +2Tr)/3 is used to describe the thermal energy
of the atom sample. The absorption images are taken
perpendicular to the symmetry axis of the trap and allow
for a determination of Tax and Tr simultaneously. From
the time-of-flight signal on the MCP detector only Tr can
be deduced directly since Tax mainly influences the to-
tal number of atoms hitting the detector. However, by
calibrating the MCP signals with corresponding fluores-
cence images, we can derive axial and radial temperature
for electronic detection as well.
II. HETERONUCLEAR IONIZING COLLISIONS
We performed number decay measurements for all
spin-polarized two-isotope mixtures in the magnetic trap
for trapping times between 0.2 s and 4 s [see Fig. 1 (left)].
After the trap is switched off, an individual image is
recorded for one isotope and after a second identical rep-
etition of the experimental run a corresponding image for
the other isotope is taken. For 21Ne, in an additional run
the time-of-flight signal on the MCP detector is recorded
in order to gain full information about atom number N ,
Tax, and Tr for all isotopes.
From the number decay, we determine the rate co-
efficients of binary inelastic collisions. The decrease in
atom number Ni of isotope
iNe originates from one-body
losses (∝ Ni with rate constant αi) as well as homonu-
clear (∝ N2i with rate constant βi) and heteronuclear
(∝ NiNj with rate constant βi,j) two-body losses. We
have no signature of higher order loss processes in our
measurements. One-body losses are mainly caused by
the 14.73 s lifetime of the 3P2 state and by background
gas collisions. Two-body losses are almost entirely caused
by ionizing collisions which we confirmed by simultane-
ously measuring the trap loss by absorption imaging and
detecting the rate of ions escaping from the trap using
the MCP in previous measurements for the bosonic iso-
topes [21]. Spin-changing two-body collisions play an
insignificant role in two-body loss for our experimental
conditions. We infer that this is also valid for 21Ne since
hyperfine state changing collisions are energetically sup-
pressed due to the inverted hyperfine structure.
The trap loss can be described by
d
dt
Ni(t) = −αiNi(t)− βi
∫
d3r n2i (~r, t) (3)
−βi,j
∫
d3r ni(~r, t)nj(~r, t)
= −αiNi(t)− βi N
2
i (t)
Veff,i(t)
− βi,jNi(t)Nj(t)
Veff,i,j(t)
,
with densities ni(~r, t) of isotope
iNe. The trap poten-
tial can be calculated from the known geometry and the
currents that are supplied to the coils of the trap which,
together with the measured temperatures Tax and Tr,
allows for a computation of the the effective volumes
Veff,i(t) and Veff,i,j(t). For temperatures above 300µK
the atoms are not fully localized in the harmonic region
of the trap. Therefore, instead of assuming Gaussian
density profiles, we perform the spatial integration nu-
merically, also accounting for different Tax and Tr. All
measurements were performed in the trap configuration
that is used for Doppler cooling without further com-
pression of the trap. Here, the trap is operated with an
offset field of 2.6 mT and the calculated vibrational trap
frequencies for 20Ne are ωx = 2pi × 80 s−1 in axial and
ωr = 2pi × 182 s−1 in radial directions.
We find that the effective volumes increase in time due
to heating of the ensembles [21]. This heating is mainly
caused by the higher rate of ionizing collisions at the trap
center, involving atoms with an energy below average (cf.
Sec. III). Explicit evaluation of Eq. (3) would require
a detailed knowledge of the heating mechanisms, so we
formally integrate Eq. (3) to obtain[(
1
t
ln
Ni(t)
Ni(0)
)
+ βi
(
1
t
∫ t
0
dt′
Ni(t
′)
Veff,i(t′)
)]
︸ ︷︷ ︸
Y
= −αi − βi,j
[(
1
t
∫ t
0
dt′
Nj(t
′)
Veff,i,j(t′)
)]
︸ ︷︷ ︸
X
(4)
resulting in a linear relation Y = −αi−βi,jX with slope
βi,j and offset αi. For
20Ne and 22Ne the homonuclear
two-body loss coefficients β20 = 6.5(18) × 10−12 cm3/s
and β22 = 1.2(3)×10−11 cm3/s are known [21]. For 21Ne
homonuclear collisions can be neglected due to the small
number of 21Ne atoms relative to the numbers of 20Ne
and 22Ne (see Table I). All other quantities needed to
calculate X and Y can be derived from experimental data
by means of numerical integration.
The number decay of 20Ne and 22Ne in a two-isotope
mixture is shown in Fig. 1 (left). The data points present
averages of six measurements. The number decay of 22Ne
represented according to Eq. (4) is shown in Fig. 1 (right).
We observe the expected linear dependence and by a
least-square fit we derive a one-body loss coefficient of
α22 = (0.12±0.05) s−1 and a heteronuclear two-body loss
coefficient of β22,20 = (2.6±0.7)×10−11 cm3/s. The β20,22
coefficient determined from the complementary number
decay of 20Ne in the same measurement agrees within the
error margins [25]. Similar analysis for the other isotope
combinations yield β21,20 = (3.9±2.7)×10−11 cm3/s and
β21,22 = (3.9 ± 1.9) × 10−11 cm3/s, respectively. In the
latter two cases, only the decay of 21Ne can be analyzed
since the effect of heteronuclear two-body loss induced
by 21Ne on one of the other isotopes is negligible due to
the low number of trapped 21Ne atoms.
The measured values for the rate coefficients of het-
eronuclear ionizing collisions together with the previ-
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FIG. 1. (Left) Number decay of spin-polarized 20Ne and 22Ne
atoms in a two-isotope mixture in a magnetic trap. Initially,
1.7×108 20Ne atoms at a mean density of n = 2.5×1010 cm−3
and 3.9 × 107 22Ne atoms at a mean density of n = 3.8 ×
109 cm−3 were loaded. Each data point is an average of six
measurements. (Right) Atom number decay of 22Ne presented
according to Eq. (4) and a corresponding linear fit to the data.
TABLE II. Summary of heteronuclear ionizing collision
rate coefficients of spin-polarized Ne* complemented by the
homonuclear coefficients, taken from Spoden et al. [21].
β (10−11 cm3/s)
Heteronuclear rate coefficients:
β21,20 3.9± 2.7
β22,20 2.6± 0.7
β21,22 3.9± 1.9
Homonuclear rate coefficients [21]:
β20 0.65± 0.18
β22 1.2± 0.3
ously measured homonuclear rate coefficients for 20Ne
and 22Ne are summarized in Table II. We find heteronu-
clear rate coefficients that are a factor of 2-6 larger than
the homonuclear rate coefficients. A larger rate coeffi-
cient for heteronuclear collisions has also been observed
in the corresponding measurements in He* [17].
The quoted uncertainties are the combined statisti-
cal and systematic uncertainties. They are dominated
by systematic uncertainties in atom density, depending
on atom number and effective volume. The evaluation
procedure according to Eq. (4) is especially sensitive to
the initial atom number. Other, also included but less
dominant contributions to the uncertainties are given by
the uncertainties of the homonuclear two-body loss co-
efficients. For 21Ne, additional uncertainties arise due
to the indirect measurement of Tax and larger statistical
uncertainties because of the low atom number.
III. HETERONUCLEAR ELASTIC COLLISIONS
We also analyzed the heteronuclear elastic collision
rates for magnetically trapped spin-polarized Ne*. In
addition to the importance for completing the available
database for metastable neon atoms, efficient sympa-
thetic cooling between different isotopes requires a large
ratio of elastic to inelastic collision rates. Therefore, we
studied the heteronuclear elastic collision rates between
isotope iNe and jNe by determining internuclear thermal
relaxation rate constants γrel,i,j , defined by
d
dt
T i = γrel,i,j
(
T j − T i
)
. (5)
Since γrel,i,j depends on the densities and temperatures
of the ensembles involved, it is useful to define an effective
relaxation cross section
σrel,i,j = γrel,i,j
Veff,i,j
Nj v¯
, (6)
where v¯ =
√
16kBT/(pim) is the average relative velocity
of the colliding atoms.
We prepare two-isotope mixtures in the magnetic trap
with a temperature difference between the isotopes by
applying one-dimensional Doppler cooling with different
efficiencies to the two isotopes. For all isotope combi-
nations, we find that heteronuclear thermal relaxation is
outbalanced by intrinsic heating caused by ionizing col-
lisions: Since ionizing collisions occur preferentially at
the center of the trap, where the density is highest and
the energy of the atoms is lowest, these collisions remove
atoms with below average energy. This leads to an effec-
tive heating of the remaining atoms (see also [21, 26]).
The heating rate per ionizing collision depends on the
mean energy EC carried away by the collision products
relative to the mean energy ET of all atoms in the trap.
The heating rate is given by [26]
d
dt
T i = ci,j βi,j
Nj
Veff,i,j
T i , (7)
with ci,j = 1 − EC/ET . We calculate ci,j assuming a
velocity-independent cross section and Gaussian density
distributions. For homonuclear collisions ci = 1/4; for
heteronuclear collisions ci,j depends on the temperatures
of the two isotopes and is limited to 0 ≤ ci,j ≤ 1/2.
The time evolution of T i, thus can be described by
d
dt
T i = γrel,i,j(T j − T i) + ci,j βi,j Nj
Veff,i,j
T i
+
1
4
βi
Ni
Veff,i
T i + C , (8)
with an additional constant heating rate C accounting
for density-independent heating effects. Again, we can
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FIG. 2. (Left) Time evolution of the mean temperature T of
spin-polarized 21Ne and 22Ne atoms in a two-isotope mixture.
The data points present averages of six measurements. Ini-
tially, 7×105 21Ne atoms with Tax = 330µK and Tr = 710µK
and 4.7×107 22Ne atoms with Tax = 360µK and Tr = 590µK
were trapped. (Right) Time evolution of T 21 presented ac-
cording to Eq. (9) and corresponding linear fit to the data for
determining the upper bound of σrel,21,22.
formally integrate Eq. (8) to obtain[
ln
T i(t)
T i(0)
+
∫ t
0
dt′
(
βi,j ci,j(t
′)Nj(t′)
Veff,i,j(t′)
+
βiNi(t
′)
4Veff,i(t′)
+
C
T i(t′)
)]
︸ ︷︷ ︸
Y ′
= σrel,i,j
{∫ t
0
dt′
[
Nj(t
′)v¯(t′)
Veff,i,j(t′)
(
T j(t
′)
T i(t′)
− 1
)]}
︸ ︷︷ ︸
X ′
, (9)
resulting in a linear relation Y ′ = σrel,i,jX ′ with the slope
given by σrel,i,j . Again, all quantities needed to calculate
X ′ and Y ′ can be derived from experimental data by
means of numerical integration.
We performed relaxation cross-section measurements
for all two-isotope combinations. As an example, the
time evolution of the dimensionally averaged temper-
atures T of spin-polarized 21Ne and 22Ne in a two-
isotope mixture and the representation of T 21 according
to Eq. (9) are shown in Fig. 2. All measurements re-
veal the systematic problem that the time evolution of
the temperature in all cases is dominated by intrinsic
heating: The temperature for all isotopes is increasing
during the trapping time and thermal relaxation is not
sufficiently efficient to equilibrate the temperatures of the
different isotopes. Additionally, the large uncertainties in
βi,j (and thus in the heating rates) and in density lead
to huge uncertainties in the extracted relaxation cross
sections. As a consequence, only upper bounds for the
values of σrel,i,j can be determined.
For the data presented in Fig. 2 (right), we observe
the expected linear dependence and by a least-square
fit we determine σrel,21,22(≈ 600µK) <∼ 20 × 10−17 m2.
Homonuclear collisions of 21Ne and effects of 21Ne on
TABLE III. Summary of upper bounds for heteronuclear ther-
mal relaxation cross sections of spin-polarized Ne* compared
to homonuclear cross sections, taken from Spoden et al. [21].
σrel(10
−17 m2)
Heteronuclear relaxation cross sections:
σrel,21,20(≈ 500µK) <∼ 7
σrel,20,22(≈ 750µK) <∼ 4
σrel,21,22(≈ 600µK) <∼ 20
Homonuclear relaxation cross sections [21]:
σrel,20(550µK) 2.8± 0.7
σrel,22(550µK) 13± 3
22Ne can be neglected due to the low number of 21Ne
atoms. The time evolution of T 22 is used to determine the
constant heating rate C. A respective analysis for a 20Ne-
21Ne mixture yields σrel,21,20(≈ 500µK) <∼ 7× 10−17 m2.
In case of 20Ne-22Ne mixtures, the time evolution of T 20
as well as T 22 can be fitted. Analysis of T 20 yields
σrel,20,22(≈ 750µK) <∼ 4 × 10−17 m2. By fitting T 22 we
get a value for σrel,22,20 consistent with this upper bound
but exhibiting even stronger heating effects not included
in our model based on Eq. (7). This might indicate that
the assumption of a velocity-independent cross section is
not valid or that the differences in Tax and Tr need to be
taken into account in a more sophisticated fashion [25].
The resulting upper bounds of σrel,i,j for all two-
isotope mixtures are summarized in Table III and com-
pared to previously measured homonuclear thermal re-
laxation cross sections of the bosonic isotopes [21]. The
values for homonuclear and the upper bounds for het-
eronuclear cross sections have the same order of magni-
tude, although significantly smaller values for the het-
eronuclear cross sections could be possible. In any case,
the resulting upper bounds exclude the possibility that
strongly enhanced heteronuclear thermalization could
lead to efficient two-isotope evaporative cooling.
IV. CONCLUSION
We measured the rate coefficients for heteronuclear
ionizing collisions of spin-polarized Ne* and determined
upper bounds for the thermal relaxation cross sections.
We found that the heteronuclear ionizing collision rate
coefficients are a factor of 2 to 6 larger than their
homonuclear counterparts, while the heteronuclear and
homonuclear thermal relaxation cross sections are ex-
pected to have comparable values. This shows that the
heteronuclear collisional interaction properties are not fa-
vorable for hetero nuclear sympathetic cooling and that
the “good-to-bad” ratio in the collisional properties is
worse in the heteronuclear than in the homonuclear cases.
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